We present timing solutions for ten pulsars discovered in 350 MHz searches with the Green Bank Telescope. Nine of these were discovered in the Green Bank Northern Celestial Cap survey and one was discovered by students in the Pulsar Search Collaboratory program in analysis of drift-scan data. Following discovery and confirmation with the Green Bank Telescope, timing has yielded phase-connected solutions with high precision measurements of rotational and astrometric parameters. Eight of the pulsars are slow and isolated, including PSR J0930−2301, a pulsar with nulling fraction lower limit of ∼30% and nulling timescale of seconds to minutes. This pulsar also shows evidence of mode changing. The remaining two pulsars have undergone recycling, accreting material from binary companions, resulting in higher spin frequencies. PSR J0557−2948 is an isolated, 44 ms pulsar that has been partially recycled and is likely a former member of a binary system which was disrupted by a second supernova. The paucity of such so-called 'disrupted binary pulsars' (DRPs) compared to double neutron star (DNS) binaries can be used to test current evolutionary scenarios, especially the kicks imparted on the neutron stars in the second supernova. There is some evidence that DRPs have larger space velocities, which could explain their small numbers. PSR J1806+2819 is a 15 ms pulsar in a 44 day orbit with a low mass white dwarf companion. We did not detect the companion in archival optical data, indicating that it must be older than 1200 Myr.
INTRODUCTION
The Green Bank Northern Celestial Cap (GBNCC) survey is a 350 MHz all-sky pulsar survey being conducted with the Green Bank Telescope (GBT; Stovall et al. 2014) . The primary goals of the survey include the discovery of millisecond pulsars (MSPs) suitable for pulsar timing arrays (PTAs) for direct detection of gravitational wave (GW; Arzoumanian et al. 2018; Lentati et al. 2015; Shannon et al. 2013) , exotic pulsar systems such as 'black widows' (Fruchter et al. 1988 ) and 'redbacks' (Roberts 2011; Archibald et al. 2009 ), rotating radio transients (RRATs; McLaughlin et al. 2006; Deneva et al. 2016) , and characterization of the Galactic pulsar population.
This survey is 75% complete and will ultimately cover the entire sky visible to the GBT (δ > −40
• ) with ∼125000 pointings, 120 s each. To date, there have been 156 pulsars, including 20 MSPs, discovered in this survey 1 . Collection of data is expected to be complete in 2020. Lynch et al. 2018 (submitted) report on the discovery of 45 pulsars, including five millisecond pulsars (MSPs), a new relativistic double neutron star system, an intermediate mass binary pulsar, a mode-changing pulsar, a non-recycled pulsar with a very low magnetic field, and several nulling pulsars. Here, we report on the discovery of nine pulsars in the GBNCC survey, including a millisecond pulsar, a partially recycled pulsar, and a nulling pulsar.
The Pulsar Search Collaboratory (PSC) 2 is a joint outreach program between West Virginia University (WVU) and the Green Bank Observatory (GBO). The primary goals of the PSC are to stimulate high-school students' interest in science and to discover unknown pulsars. Since its start in 2008, the PSC has integrated high-school students into the pulsar searching process resulting in the discovery of seven pulsars (Rosen et al. 2013; Swiggum et al. 2015) . PSR J1954+1021 is the seventh pulsar discovered by the PSC, and its timing solution is presented here, in addition to those of the nine newly discovered GBNCC survey pulsars.
To date, 9% of the ∼2600 known pulsars are in binary systems . These include pulsars orbiting white dwarf (WD), neutron star (NS), and main sequence (MS) companions. Pulsars with WD and NS companions are likely recycled through the following process. From a binary star system, the more massive star will undergo a supernova explosion and form a pulsar. Estimating using the virial theorem, the supernova explosion will cause the binary star system to be disrupted if more than half the pre-supernova mass is ejected from the system (Hills 1983; Bhattacharya & van den Heuvel 1991) . The presence of a kick could change this requirement significantly. If the system remains bound, and the companion is massive enough to evolve into a giant and overflow its Roche lobe, material is accreted onto the pulsar. This process, commonly referred to as 'recycling,' transfers angular momentum to the pulsar and spins it up (Alpar et al. 1982) .
The amount and timescale of recycling depends on the binary companion type. MSPs, which undergo the greatest amount of recycling, usually have WD companions (Tauris et al. 2012) . However, a surprising number are isolated, presumably due to ablation of their companion stars (Fruchter et al. 1988) or three-body interactions (Portegies Zwart et al. 2011) . Partially-recycled pulsars, with spin periods P and pe-1 http://astro.phys.wvu.edu/GBNCC/ 2 http://pulsarsearchcollaboratory.com/ riod derivativesṖ in the 30 ms <P <100 ms andṖ <10 −17 range, typically have more massive WD or NS companions (Lorimer 2008) . Some are also isolated due to the binary system being disrupted during the supernova explosion of the secondary (Camilo et al. 1993) .
Two of the pulsars presented in this paper have undergone a phase of recycling, presumably in a binary evolution scenario described above. PSR J0557−2948 is a partially-recycled pulsar that has no evidence of a companion star and is discussed in Section 3.1. PSR J1806+2819 is a recycled pulsar in a binary system that is discussed in further detail in Section 3.2.
METHODOLOGY AND RESULTS
A description of the survey and the searching pipeline are given in Stovall et al. (2014) . The search processing responsible for these discoveries took place on the Guillimin cluster operated by CLUMEQ and Compute Canada and the candidate plots were analyzed using the CyberSKA interface 3 . Timing observations of the pulsars presented in this paper were conducted with the GBT using a combination of competitively awarded GBNCC timing time and time purchased by WVU. The observations were typically 15 to 20 minutes in duration.
Using the Green Bank Ultimate Pulsar Processing Instrument (GUPPI; Ransom et al. 2009 ), data were recorded over 100 MHz of bandwidth divided in to 4096 frequency channels at a central frequency of 350 MHz every 81.92 µs. In off-line processing, the filterbank data were dedispersed at the dispersion measure (DM) of the pulsar to account for frequencydependent time delays due to the interaction of the pulse and the interstellar medium.
To calculate the pulse times of arrival (TOAs) at the telescope, integrated profiles were formed by summing many thousands of pulses modulo the pulse period at each epoch. The pulse profile for each of the pulsars can be found in Figure 1. These pulse profiles were cross-correlated by the least squares method to template profiles, created by summing together profiles at multiple epochs, to achieve a high precision TOA measurement of the pulse at the telescope (Taylor 1992) . TOAs were calculated using get TOAs.py in the PRESTO software package 4 (Ransom 2011 ). A timing model incorporating P ,Ṗ , right ascension (RA), and declination (Dec.) was then fit to the TOAs using the TEMPO software package 5 . This yields a timing solution that accounts for every rotation of the pulsar over the entire data span. The results of these fits are shown in Tables 1 and  2 . Each of our timing solutions uses the DE430 Solar System ephemeris (Folkner et al. 2014 ) and the Terrestrial Time scale TT(BIPM). The uncertainties in TOAs were scaled using EFACs to assure that the chi-squared value for each fit was equal to one. A full phase-connected timing solution reveals how well the timing model can predict when the next pulse will arrive at the telescope. The timing residuals are the measured difference between the observed and predicted arrival times. The RMS values of the timing residuals are listed in Table 2 .
The DMs listed in Table 2 were calculated for eight of the pulsars by creating TOAs in four subbands of the 100 MHz bandpass at one epoch. The frequency-dependent time delay of the pulse was then modeled as pulse dispersion using the TEMPO software package. This yielded a measurement of the DM of the pulsar at that epoch. PSRs J0930−2301 and J1954+1021 were observed at a central frequency of 820 MHz and bandwidth of 200 MHz in addition to the 350 MHz central frequency observations. This allowed the DM to be measured between epochs observed at different frequencies. Figure 2 shows these pulsars on the P -Ṗ diagram with all of the known Galactic pulsars (i.e. excluding pulsars found in globular clusters). As seen in this Figure, the timing-derived parameters for the pulsars presented in this paper lie within the range of parameters for known Galactic pulsars.
DISCUSSION
Here, we discuss in further detail the most interesting pulsars presented in this paper. In Section 3.1 we discuss PSR J0557−2948 and the discrepancy in the number of predicted and known disrupted recycled pulsars to double neutron star systems. Section 3.2 discusses the measurement of the binary parameters of PSR J1806+2819, the search for an optical counterpart, and the possibility of including this MSP in PTAs. In Section 3.3 we explain the nulling analysis performed on PSR J0930−2301. We also discuss the significant differences between the distances derived by two different electron density models for all ten pulsars in Section 3.4.
3.1. PSR J0557−2948 PSR J0557−2944 is a partially recycled pulsar with a spin period of 43.6 ms and a DM of 49 pc cm −3 . The timing solution indicates that this pulsar has undergone a phase of recycling but is now isolated. More specifically, this pulsar has a low period derivative (Ṗ = 7.3 × 10 −20 ) and the spin pe- Figure 2 . The P -Ṗ diagram for known pulsars marked by dots and the pulsars with new timing solutions marked by red stars. Constant characteristic age and constant inferred surface dipole magnetic field strength are indicated by dot-dashed lines and dashed lines, respectively. Ellipses around dots and stars indicate a binary pulsar, with the ellipticity equal to the orbital ellipticity. The DM value for this pulsar is larger than the expected highest DM given by both the YMW16 and the NE2001 models, and, therefore, these models do not provide a reliable distance estimate for this source. Notes. Periods, period derivatives, MJDs of the epoch used for the period determination, the average pulse widths at 50% of the peak, the RMS values of the post-fit timing residual, the MJD ranges covered, the spin-down age, surface magnetic field strength, and spin-down luminosity.
No attempt was made to correct for bias in the observed spin period derivative,Ṗ , by accounting for Galactic acceleration (Nice & Taylor 1995) or proper motion (Shklovskii 1970; Damour & Taylor 1992) . The numbers in parentheses after P andṖ are the 1-σ errors in the last digit reported by TEMPO. All timing solutions use the DE430 Solar System Ephemeris.
riod shows no evidence of a periodic Doppler shift. This pulsar is likely the end result of a disrupted neutron star (DNS) system. This class of neutron stars began to be identified in the 1990s (Camilo et al. 1993 ) and have since been dubbed disrupted recycled pulsars (DRPs; Lorimer et al. 2004; Hills 1983; Bhattacharya & van den Heuvel 1991; Tauris & Takens 1998 ). An interesting diagnostic of binary neutron star evolution scenarios is the relative numbers and distribution of DRPs and DNSs in the Galaxy. As discussed by previous authors (see, e.g., Lorimer et al. 2004) , the number of DRPs relative to DNSs will depend on the survival probability of the second supernova explosion that formed these systems: higher survival probabilities (for example, due to relatively runaway velocities) will increase the numbers of DNS binaries relative to DRPs. It is also possible that DRPs actually have larger runaway velocities, and, hence, are fainter, and/or they escape the galaxy more frequently than bound systems.
To investigate the latter hypothesis, we examined the height (z) from the Galactic plane, flux and luminosity distributions of DRPs and DNSs. Given the small numbers of both types of pulsars, statistical estimates such as the Kolmogorov-Smirnov test have limited ability to determine whether there are any significant differences between the two populations. From a simple comparison based largely on DM-derived distances, we note that median and mean z-heights are 200 pc and 300±100 pc for DNS binaries versus 385 pc and 580±160 pc for DRPs. While this appears to support the idea that DRPs have higher space velocities, we find no significant difference in the luminosity or flux distributions for the two classes. The lack of any difference in the fluxes is surprising, since for a common luminosity distribution to both sources, one would naively expect a lower average flux from the DRPs if their scale heights were truly larger. A more detailed observational and simulation study, which considers the selection biases in both DRPs and DNS binaries, should be undertaken to further investigate these issues.
3.2. PSR J1806+2819 Initial timing observations of PSR J1806+2819 indicated that the barycentric spin period was varying between epochs, presumably due to the Doppler effect as a result of its motion in a binary orbit with a companion star. Initial measurements of the binary system's projected semi-major axis, orbital period, and time of periastron passage were determined by using fit circular orbit.py from the PRESTO software package, which models the varying spin period as an edge-on, circular orbit. These parameters, along with the Notes. Projected pulsar semi-major axis of the orbit, orbital eccentricity multiplied by sine and cosine of the longitude of periastron argument, orbital period, and longitude of ascending node passage of PSR J1806+2819 measured using the ELL1 binary model. The orbital eccentricity, longitude of periastron argument, and time of periastron argument were derived from the measured quantities. The numbers in parentheses are the 1-σ errors in the last digit reported by TEMPO.
orbital eccentricity and longitude of periastron, were then incorporated into the timing model. The results of the fits of these five Keplerian parameters, derived using the ELL1 binary model (Lange et al. 2001) , are shown in Table 3 . This pulsar is in a highly circular orbit of 44 days with a projected semi-major axis of 21.6 lt-s. Assuming a pulsar mass of 1.4 M , we find that the minimum (where inclination, i = 90
• ) and median (where inclination, i = 60 We searched for an optical counterpart to PSR J1806+2819 using data release 1 from the Panoramic Survey Telescope and Rapid Response System (PanSTARRS) 3π survey (Chambers et al. 2016) . No source was present in the catalog at the position of the pulsar. We searched the stacked images for each of the five bands (grizy) manually, and detect no source at the pulsar's position (see Figure 3) . We use the average 5-σ magnitude lower limits for the stacked survey data from Chambers et al. (2016) for this source: 23.3, 23.2, 23.1, 22.3, 21.4 for grizy, respectively. The estimated reddening of the source was determined using 3-D map of interstellar dust reddening by Green et al. (2015) at the DM-derived distance of 1.3 kpc. This was converted to an extinction in all five bands using Table 6 from Schlafly & Finkbeiner (2011) .
We translated these limits into limits on the effective temperature and age of the presumed WD companion for an assumed companion mass of 0.30 M . We first determined colors as a function of effective temperature for a 0. Tremblay et al. 2011; Bergeron et al. 2011) . Note that the colors do not change significantly as a function of mass. We used absolute normalizations from the models of Istrate et al. (2016) appropriate for this mass value. We find an upper limit to the effective temperature of 7100 K, with the most constraining limits being determined 6 http://www.astro.umontreal.ca/∼bergeron/CoolingModels from the r band. We then used these limits to determine a lower limit on the cooling age of 1200 Myr. For the minimum companion mass of 0.25 M (at an i = 90
• ), the effective temperature and cooling age limits are essentially unchanged.
PSR J1806+2819 is the only MSP presented in this paper. For MSPs to be considered for use in PTAs, the RMS timing residuals must be less than ∼1 µs. PSR J1806+2819 has a RMS value of 16.2 µs, which is too high to be considered for use in PTAs. There are numerous factors that could contribute to the high RMS value of PSR J1806+2819. The spin period for this pulsar (15 ms) is larger than most MSPs in PTAs. The spin periods of MSPs used in the North American Nanohertz Observatory for Gravitational Waves (NANOGrav) nine-year data set range from 1.65 ms to 16.05 ms (Arzoumanian et al. 2016) . If this pulsar was included in this PTA, it would have the second longest spin period. The large spin period of PSR J1806+2819 is not enough on its own to exclude it from PTA use; however, this pulsar also has a relatively wide pulse profile, shown in Figure 1 . The full width at half maximum (FWHM), listed in Table 2 , is roughly 2 ms. This is much larger than the FWHM values for any of the MSPs in the NANOGrav PTA.
One caveat to this discussion is that our timing measurements for PSR J1806+2819 were performed at 350 MHz, whereas most PTA timing is done around 1 GHz. The profile of PSR J1806+2819 could be narrower at 1 GHz and the RMS residual could decrease, but it is unlikely that these improvements would be sufficient to make it a suitable PTA addition. However, this pulsar is in the declination range visible to the Arecibo Observatory and should be tested with the very high sensitivity of Arecibo to see if it is suitable for inclusion in NANOGrav.
PSR J0930−2301
The discovery observation of PSR J0930−2301 revealed that the pulse intensity was modulated, presumably due to pulse nulling. Pulse nulling is a phenomenon where the pulsed emission suddenly appears to drop to zero and then returns to its normal state (Backer 1970) . Possible explanations for pulse nulling include: the pulsar undergoing complete cessation of emission Gajjar et al. 2012) , the pulsar transitioning to weaker emission modes (Esamdin et al. 2005; Young et al. 2014) , the acceleration zone of the pulsar not being completely filled with electron-positron pairs (Deshpande & Rankin 2001; Janssen & van Leeuwen 2004) , and the pulsar beam of emission moving out of the line of sight from Earth (Dyks et al. 2005; Zhang et al. 2007 ). Mode changing is a related effect where the average pulse profile suddenly changes between two or more stable states.
Pulse nulling has been observed in about 100 pulsars (Gajjar et al. 2012) . The nulling fraction (NF), or fraction of the pulses with no detectable emission, can range from less than a percent to nearly 100% (Ritchings 1976; Wang et al. 2007; Gajjar et al. 2014 ). The NF does not necessarily describe the duration of an individual null or the time between nulls. The null length is the timescale that the pulsar spends in the null state. This can range from a few pulse periods to years (Wang et al. 2007; Lorimer et al. 2012 ).
This pulsar was not detectable at many observed epochs possibly due to its nulling behavior, relative faintness, and spin frequency similar to harmonics of common sources of radio frequency interference (RFI). The high DM of PSR J0930−2301 makes it unlikely that scintillation played a role in these non-detections. After RFI excision was performed, using rfifind from the PRESTO software package, this pulsar was detected at enough epochs to achieve a full phaseconnected timing solution.
To study the nulling behavior of PSR J0930−2301, a single pulse analysis was performed on a 56 minute timing observation. In offline processing, the dedispersed data were folded to 512 phase bins across the spin period to form subintegrations. Emission detected from PSR J0930−2301 was weak, so a subintegration length of 12 pulse periods was used to average enough pulses together to ensure a sufficient signalto-noise ratio (S/N ≥ 5 ). This analysis is insensitive to nulls less than or similar to the subintegration length. Therefore, the NF will be an underestimate and only the lower limit on this value can be determined.
We estimated the baseline using the off-pulse bins, and subtracted it from each subintegration to estimate the NF. Pulse energies of each subintegration were determined after subtraction for both the on-pulse and off-pulse regions. The pulse energies were then normalized by the mean energy of the onpulse region. The summed energy of the on-and off-pulse regions was calculated using the same number of phase bins. Figure 4 shows the histograms of the on-and off-pulse energy distributions, where the total number of bins for each energy distribution is equal to the number of subintegrations N . The excess at zero energy for the on-pulse energy distribution gives the fraction of nulled pulses for the pulsar (Ritchings 1976) . The NF was calculated by first scaling the off-pulse energy distribution so that the number of pulses with energies less than zero was equal to that in the on-pulse energy distribution. Then we subtracted the on-pulse distribution from this scaled off-pulse distribution. The NF is simply this scale factor. The null lengths were defined as the number of subsequent pulses all with pulse energies below a conservative threshold of five times the off-pulse RMS variation. Since the used subintegration length was 12 pulse periods, our analysis was insensitive to null lengths shorter than this duration. The overlap in the on-pulse and off-pulse histograms (Fig. 4) and the necessary integration of multiple pulses to obtain the required S/N mean we operate in different regime from high-precision nulling studies in which individual pulses are unambiguously identified (e.g. Figure 1 from van Leeuwen et al. 2002) . But these do allow us to place lower limits on the NF, and a qualitative estimate of the null lengths.
The lower limit of the NF for PSR J0930−2301 was estimated to be 30%. The null lengths were found to be 36 pulse periods on average and ranged from 12 to 156 pulse periods. Given that the spin period of this pulsar is 1.8 s, it can be concluded that it usually nulls for seconds up to minutes, with the longest null observed being roughly five minutes. This conclusion was supported via visual inspection of the phase−time diagram ( Figure 5) . Also, this figure shows that the pulse profile has multiple components that turn on and off independently of each other. We conclude that this is evidence of mode changing.
Electron Density Models
As seen in the last two columns of Table 1 , the distances estimated to the pulsars presented in this paper by the two most recent electron density models are very different for some pulsars. Since the YMW16 model is relatively new, these pulsars provide important data points on the relationship between the two models. The NE2001 electron density model (Cordes & Lazio 2002 ) has been the standard tool to estimate distances to pulsars since 2001. This model incorporates 112 independent pulsar distances and 269 scattering measures to define an electron density model for the Galaxy. The components of the model include: thin and thick axisymmetric disks, spiral arms, a local arm, a local hot bubble around the Sun, super-bubbles in the first and third Galactic quadrants, and over-dense regions surrounding the Gum Nebula, the Vela supernova remnant, Galactic Loop I, and a small region around the Galactic Center. This model also incorporates clumps and voids in directions of known pulsars with DMs higher and lower, respectively, than predicted by the quasi-smooth component of the model.
The YMW16 (Yao et al. 2017 ) model has the same basic structure as the NE2001 model with some important differences. The YMW16 model utilizes 189 independent pulsar distances to define its electron density model. It incorporates many of the same Galactic components as the NE2001 model; however, it does not make use of interstellar scattering in building the model. Also, YMW16 does not attempt to correct individual pulsars with discrepant distances by adding clumps or voids in their respective directions. This type of feature is only added when a number of pulsars in a region have discrepant distances and/or there is independent evidence for this feature.
A majority of the distances estimated to the pulsars presented in this paper derived from the two models are significantly different. Neither model gives a reliable distance to PSR J0930−2301. The maximum DM predicted by the YMW16 model in the direction of PSR J0930−2301 is ∼60.8 pc cm −3 , which is lower than the measured DM of the pulsar (78.3 pc cm −3 ). It is likely that this electron density model will significantly over-estimate the distances to pulsars in the direction of PSR J0930−2301. The maximum DM predicted by the NE2001 model in the direction of PSR J0930−2301 is 77.12 pc cm −3 . This is closer to the timing-derived DM of the pulsar.
The two models are in agreement for only one pulsar, assuming 25% errors, PSR J1806+2819. This is the pulsar with the lowest DM of the ten presented in this paper, suggesting that distance discrepancies become greater with increasing DM. None of the pulsars presented in this paper are at high latitude (|b| > 40
• ), where the NE2001 model has been found to systematically under-estimate distances ). The distances derived using the YMW16 model are larger than the distances from the NE2001 for seven of the pulsars presented in this paper. The NE2001 model estimates a larger distance for only the closest pulsar, PSR J1119−2444.
CONCLUSIONS AND FUTURE WORK
In this paper, we reported on the discovery and timing solutions of pulsars discovered through the Green Bank Northern Celestial Cap survey and the Pulsar Search Collaboratory. For each pulsar, a full phase-connected timing solution was achieved by measuring rotational and astrometric parameters. PSR J0557−2948 is a partially recycled pulsar with no evidence of a binary companion. We conclude that this pulsar is likely the end result of a disrupted double neutron star system. PSR J1806+2819 is a MSP in a 44 day orbit with a WD companion. No optical counterpart was found, so lower limits were placed on the magnitude and age for the WD companion. This pulsar will not likely be considered for PTA use. We placed lower limits on the nulling fraction of PSR J0930−2301, a nulling pulsar, and also saw evidence of mode changing.
The GBNCC survey is currently 75% complete, with an additional ∼ 50 pulsars expected to be discovered. Future observations of the pulsars discussed in Section 3, could lead to additional results. Further timing observations and analysis of PSR J0557−2948 could result in a measurement of its proper motion. This would provide insight to the runaway velocity which neutron stars receive and the kick involved in the supernova explosions of their companions, and ultimately help better our understanding about how DNS systems and DRPs form. Higher frequency observations of PSR J1806+2819 could support including this pulsar in a PTA, depending on how significantly the RMS timing residuals is reduced. Future discoveries of pulsars with timing-derived DMs, and in particular, independent distances estimates will help to build electron density models of the Galaxy and lead to more accurate distance estimates to pulsars.
